We report calculations of wavelengths, oscillator strengths, and transition probabilities (or rates) for electric dipole (E1) transitions in doubly ionized cerium (Ce III, Z = 58), using the relativistic HartreeFock method developed by Cowan. Comparisons are made with the previously reported available calculations and experiments in literature.
Introduction
The lanthanide elements (Z = 57−71) are important in astrophysics in relation to nucleosynthesis and star formation considerations. Spectroscopic investigations of the doubly ionized elements of this group are motivated by astrophysical interest because, in the hot chemically peculiar (CP) stars, there is an overwhelming presence of lines belonging to the third spectrum which corresponds to the dominant ionization stage [1] .
The rare-earth element cerium has a particularly rich, even by rare-earth standards, optical emission spectrum from both its neutral and singly ionized stages. This characteristic has made cerium attractive for use in highintensity discharge light sources where it improves both luminous ecacy and colour rendering [2] .
The works for energy levels and lifetimes of doubly ionized cerium (Ce III) can be found in, for example, [37] .
Many strong lines of cerium in the ultraviolet evidently arise from doubly ionized atoms. King and King published a list of these [8] . Triplet and singlet terms of Ce III were reported by Russell et al. [9] . Observations of the third spectrum of cerium from 757 to 11091 Å were given by Sugar [10] . The 4f 2 4f 5d lines of Ce III were measured by Johansson and Litzén [11] . Bord and co-workers calculated oscillator strengths for some Ce III lines [12] . Later, the spectroscopic analysis of Ce III was extended. Wyart and Palmeri gave a list of computed oscillator strengths for some selected transitions [6] . Transition probabilities for Ce III were obtained from branching fractions calculated by Cowan code and experimental lifetimes by Li and co-workers [7] .
Biémont et al. emphasized the importance of corepolarization eects on oscillator strength determination in Ce III [1] . The multiconguration DiracFock calculation of the transition energies and oscillator strengths for the 6s 2 1 S 0 6s6p 1 P 1 , 3 P 1 transitions in rare earth * e-mail: bkaracoban@sakarya.edu.tr ionized systems (from La +1 through Nd +4 ) were carried out by Stanek and Migdaªek [13] .
Our aim here is to determine the radiative properties, such as wavelengths, logarithmic weighted oscillator strengths, and weighted transition probabilities, for electric dipole transitions (E1) in Ce III (Z = 58). 2 , 4f np (n = 6, 7), 4f 5f , and 5d6s (for even-parity); and 4f nd (n = 5−7), 4f 6s, and 4f 5g (for odd-parity); B: 4f
, 5d
2 , 4f np (n = 6, 7), 4f nf (n = 5, 6), 5d6s, 5d6d, and 6p
2 (for even-parity); and 4f nd (n =57), 4f ns (n =68), 4f 5g, and 5d6p (for odd-parity).
In calculations, the core of [Xe] is xed. These conguration sets used in calculations have been denoted by A and B in Table I and Table II . The energies, Landé g-factors, and lifetimes for 4f 2 , 4f 5d, 4f 6s, 5d 2 , 4f 6p, 5d6s, 4f 6d, 4f 7s, 5d6p, 4f 5f , 4f 7p, 4f 8s, 4f 7d, 4f 6f , 4f 5g, 6p
2 , and 5d6d excited levels of Ce III were presented in our other work [16] . In addition, we performed the atomic structure calculations on doubly ionized lanthanide and actinide atoms [1721].
Calculation method
A detailed information on electromagnetic transition between two states can be found [15, 22] . Briey, an electromagnetic transition between two states is characterized by the angular momentum and the parity of the corresponding photon. If the emitted or absorbed photon has angular momentum k and parity π = (−1)
k then, the transition is an electric multipole transition (Ek). However, if the photon has parity π = (−1)
k+1 the transition is a magnetic multipole transition (Mk) [22] .
The transition rate (or probability) for emission due to a transition from an upper level to a lower level is given by
and emission oscillator strength is given by
where C k = (2k + 1)(k + 1)/k((2k + 1)!!) 2 , and g J denotes the statistical weight of the upper level, namely g J = 2J + 1. In addition, α is the ne structure constant, and γ denotes the conguration (seniority, conguration, coupling scheme, etc.). If each multipole is described by transition operator O π(k) q (a spherical operator of rank k and parity π), the line strength can be written as
The strongest transition rate (or probability) is electric dipole (E1) radiation. For this reason, the E1 transitions are understood as being allowed, whereas high-order transitions are understood as being forbidden.
In HFR method, for N -electron atom of nuclear charge Z 0 , the Hamiltonian is expanded as
in atomic units, with r i the distance of the i-th electron from the nucleus and r ij = |r i − r j |.
is the spinorbit term, with α being the ne structure constant and V the mean potential eld due to the nucleus and other electrons.
In this method, one calculates single-conguration radial functions for a spherically symmetrised atom (centerof-gravity energy of the conguration) based on the HartreeFock method. The radial wave functions are also used to obtain the atom's total energy (E av ) including approximate relativistic and correlation energy corrections. 
If determinant wave functions are used for the atom, the total binding energy is given by
where E i k is the kinetic energy, E i n is the electron-nuclear
Coulomb energy, and E ij is the Coulomb interaction energy between electrons i and j averaged over all possible magnetic quantum numbers.
In this method, relativistic corrections have been limited to calculations to the massvelocity and the Darwin corrections by using the relativistic correction to total binding energy. The total binding energy can be given by formulae (7.57), (7.58), and (7.59) in [15] .
Results and discussion
In our previous work, we presented the relativistic energies, Landé g-factors, and lifetimes for 4f 2 , 4f 5d, 4f 6s, 5d
2 , 4f 6p, 5d6s, 4f 6d, 4f 7s, 5d6p, 4f 5f , 4f 7p, 4f 8s, 4f 7d, 4f 6f , 4f 5g, 6p
2 , and 5d6d excited levels outside the core [Xe] in Ce III [16] . Table I . Energy of levels in this table can be found in our previous work [16] .
In addition, we have reported the wavelengths, the logarithmic weighted oscillator strengths, log(gf), and the weighted transition probabilities, gA ki , for some transitions in Table II (all data can be obtained from corresponding author). In Table II But we have not reached that data from this web address. Therefore, the compared values for transitions in Table II may exist in this web site.
In Table I , except some transitions an agreement is seen when our results are compared with other works [1, 6, 7, 12] . Although the agreement is less in the weighted transition probabilities, it is good in the wavelengths and the logarithmic weighted oscillator strengths. For weighted transition probabilities of 4f 5d and Li et al. [7] .
It is well known that the correlation, relativistic and radiative eects all play important roles in fundamental atomic theory. The main purpose of this paper is to perform the HartreeFock calculations for obtaining description of the Ce III spectrum. Especially, in spectrum synthesis works, particularly for CP stars, accurate data for transition parameters for lanthanides are need to establish reliable abundances for species. Therefore we hope that our results obtained using HFR method will be useful for research elds and technological applications and for interpreting the spectrum of Ce III. 
